1. Introduction {#sec1}
===============

Hydrogen is viewed as one the most important drivers of the progressive decarbonization of the transportation, industrial and electricity sectors. The global demand of hydrogen is already on the rise, and it is expected to significantly increase in future years. By 2025, the total consumption is predicted to reach 50 million tons [@bib1]. By 2050, the most optimistic predictions foresee that hydrogen will constitute 18% of the final total energy demand [@bib2]. The synergy between the electricity and gas sectors (i.e. power-to-gas) has gained popularity over the last years due to the different opportunities that multi-energy conversion can offer. Principally, water electrolysis technology allows the exploitation of the surplus generation from renewable energy sources to produce green hydrogen. By carrying the energy in the form of molecules instead of electrons, long-term energy storage is enabled. Large quantities of hydrogen can be stored in underground salt caverns, to be used later as feedstock for industrial consumers, fuel cell electric vehicles and fuel cell electricity generation [@bib3]. Furthermore, hydrogen can be subjected to methanation in order to create synthetic gas (i.e. syngas), a fuel mainly used for electricity generation in gas turbines and for a handful of industrial processes. Syngas can be injected safely into the natural gas network as well, potentially allowing to manage the daily and seasonal electricity demand variations [@bib4]. From all the cited applications, it is clear that the coupling of the electricity and gas sectors is worth studying and evaluating, especially in countries with a strong presence of chemical industrial activity (e.g. Germany) and/or a large generation of electricity with gas fired power plants (e.g. the Netherlands).

For the electrical power system, the reduction of CO~2~ emissions is being achieved by gradually substituting traditional thermal synchronous generators with stochastic renewable energy sources. Although the operation of the electrical network in this new scenario is becoming more challenging for Transmission System Operators (TSOs), the future European grid is still expected to be smarter, more robust and more reliable. Flexibility will be the key requirement for the success of this energy transition. Flexible generation, demand side response technologies and multi-energy sector couplings constitute few of the solutions that will help unlock the full potential of the future power system.

Particularly for hydrogen technologies, limited research has focused so far on the possibility of procuring electrical ancillary services, which are managed by TSOs to handle contingencies in the power system. This paper aims to contribute to this topic by thoroughly discussing the technical feasibility and adequacy of PEM electrolyzers and fuel cells to partake in future European ancillary services markets. To that end, this research also investigates the development of electrical models for these technologies that are suitable for dynamic stability studies. Finally, the presented case study provides valuable insight into the benefits that the synergy between the electricity and hydrogen sectors can bring to power system stability when applied to frequency regulation.

The remainder of the paper is structured as follows: Section [2](#sec2){ref-type="sec"} discusses the future framework of European ancillary services markets. Section [3](#sec3){ref-type="sec"} reviews the latest developments of PEM electrolyzers and fuel cells, explores their potential value for power system operation and details how these technologies are modelled for electrical studies. Section [4](#sec4){ref-type="sec"} defines the case study and examines the obtained results. Section [5](#sec5){ref-type="sec"} summarizes the drawn conclusions.

2. Background {#sec2}
=============

Real-time power system operation is challenged on a daily basis by numerous disturbances such as faults, demand alterations or fluctuating renewable energy, which can induce undesired frequency, voltage or congestion issues in the electrical system. Ensuring an effective and reliable grid operation is handled by TSOs, in part, through the procurement of ancillary services.

Traditionally, the framework of ancillary services markets around Europe has been subjected to the specific rules of the corresponding national TSOs [@bib5]. However, as a consequence of frequency variations affecting every control area in the grid regardless of the origin of the disturbance, the development of a single common European frequency balancing market is being pursued for the beginning of the 2020s decade [@bib6]. In such scenario, it is expected that the mitigation of renewable energy uncertainty will be more effective, and at the same time, it will create a harmonized market playing field across Europe in terms of prequalification requirements, contracting procedures, procurement methods and pricing settlement rules.

In this section, the framework of the most promising ancillary services markets for the participation of PEM hydrogen technologies is briefly discussed. The structure of frequency balancing markets holds special importance due to being the main focus of the proposed case study, and it is therefore emphasized.

2.1. Frequency containment reserve (FCR) {#sec2.1}
----------------------------------------

Limiting frequency excursions after a sudden imbalance of generation and demand is essential to guarantee the dynamic stability of the power system. For such purpose, FCR (formerly known as primary frequency control) is used. According to ENTSO-E, an overall FCR capacity of ±3000 MW is currently allocated in the interconnected synchronous area of Continental Europe, further divided proportionally between the member states [@bib7]. The FCR market is already partially harmonized, as a total capacity of ±1400 MW is auctioned together in a joint platform, composed by the different TSOs from Germany, the Netherlands, Austria, Switzerland, Belgium and France [@bib8].

The FCR auction takes place once a week, and it allows participation of generators, loads and storage technologies. A single symmetric capacity product is requested (i.e. upward and downward regulation are indivisible), offered in steps of 1 MW and with a minimum bid size of ±1 MW. The product resolution lasts for one entire week, and it is remunerated on a pay-as-bid scheme. Since 2015, FCR prices have progressively declined, mainly due to the increased level of competition associated with the entry of new players in the market (especially battery storage) [@bib7]. In 2018, the average price was 12.75 €/MW/h (roughly a 42% reduction with respect to 2015) [@bib8]. For a hypothetical supplier contracted for all 52 weeks, the annual revenue would have totaled 111 k€/MW.

By 2021, the described market framework will have undergone several modifications [@bib9]. To begin with, Denmark is expected to have joined the market by that point. More importantly, to help integrate renewable energy and decentralized sources, the product duration will be split into 6 daily time slots of 4 hours each. The auction will occur once per day, one day before the actual procurement (D-1). The settlement rule will be changed to marginal pricing, hence probably leading to slightly higher prices. The average price under the marginal clearing rule in 2018 would have been 13.75 €/MW/h (i.e. total annual revenue of 120 k€/MW if contracted for all 52 weeks) [@bib8]. For 2030, the inclusion of other neighboring countries to the common FCR market is an educated guess, which ideally will reach the total capacity of ±3000 MW. The implementation of asymmetric bids is also feasible, as it will further boost the operational freedom of suppliers and allow an optimal use of the available capacity.

In terms of technical requirements, FCR procurement relies on a decentralized linear control able to change the active power output proportionally to the frequency deviation (e.g. droop characteristic) [@bib10]. A maximum deadband of ±10 mHz around 50 Hz may be established in the controller. The activation of the full bid must be completed within 30 seconds for a deviation of ±200 mHz or more. For providers with unlimited energy supply, support must persist until the frequency deviation ceases. In line with the regulatory market changes planned for the next years, it is probable that the technical requirements will become more stringent at some point, either by shortening the full activation time or by incentivizing the participation of faster technologies.

2.2. Automatic frequency restoration reserve (aFRR) {#sec2.2}
---------------------------------------------------

The restoration process to bring the frequency back to the nominal value is addressed via aFRR (formerly known as secondary frequency control). Currently, the framework of aFRR in Europe is entirely dependent on national legislation, and so far, only Germany and Austria share a pilot common aFRR market [@bib6]. Nevertheless, all participants in the shared FCR market, plus Denmark and Czech Republic are part of the International Grid Control Cooperation (IGCC) [@bib11], which features advanced technical coordination to prevent different control areas from activating opposite direction aFRR simultaneously.

The required minimum aFRR capacity per country, typically between 3 to 4 times bigger than the one for FCR, is usually guaranteed via the specific capacity product of each territory [@bib5]. The market harmonization plan proposed for Continental Europe for the early 2020s focuses exclusively on an energy product [@bib6], yet the definition of the capacity product, or lack thereof, will still be delegated to the corresponding national authorities. The daily deployment of aFRR will likely be split into 96 periods of 15 minutes each. For each individual period, a European bid ladder will be constructed, with gate closure time one hour before the procurement (H-1). The common ladder will gather both the mandatory bids from the providers contracted for the capacity product and additional free capacity bids from other units. These voluntary bids can be asymmetric, offered in steps of 1 MW and at least 1 MW total in size. When a power imbalance occurs, a common cross-border merit order list will determine the energy activation of the suppliers, prioritizing the cheapest bids and at the same time avoiding possible congestions in the cross-border interconnectors. The last unit that gets activated in the period will determine the cross-border marginal energy price.

For the activation of aFRR, units must follow the setpoints sent by the TSOs from a centralized Load Frequency Control (LFC), as to correctly restore the power balance in all the control areas. It is expected that the full bid activation time will be no more than 5 minutes, indicating a minimum ramp rate of 20% of the bid per minute [@bib6].

The potential of the aFRR market regarding supplier revenue is hard to estimate, as neither imbalances nor the merit order list can be predicted. Taking the Dutch system as reference [@bib12], which probably resembles the structure of the goal European aFRR market the most, the average price of the capacity product in 2017 was approximately 10 €/MW/h (i.e. total annual revenue of 86 k€/MW if contracted for the entire year) [@bib12]. For upward aFRR energy regulation, for which TSOs remunerate suppliers (vice versa for downward regulation), the average settlement price in 2018 was 81 €/MWh during peak hours (i.e. 08:00 to 20:00) and 75 €/MWh during the rest of the day [@bib13].

2.3. Voltage control {#sec2.3}
--------------------

Since voltage stability is inherently a local issue, each TSO follows its own framework regarding voltage control [@bib5]. National grid codes usually demand mandatory voltage regulation capabilities to synchronous generators and power electronic interfaced renewable energy sources connected to the transmission grid. Other equipment such as transformers, FACTS (Flexible AC Transmission Systems), HVDC (High-Voltage Direct Current) links, battery storage and several industrial consumers are also able to cope with voltage control duties. The optimal use of the reactive power provided by these sources is defined by the TSOs based on optimization programs, past experience and/or grid studies [@bib5]. Supplier remuneration relies on the national legislation as well.

2.4. Congestion management {#sec2.4}
--------------------------

TSOs can approach different strategies in order to relieve the congestion of transmission lines [@bib12]. For instance, the redispatch of power plants and large demand side response constitutes a widely used local relief action, but it comes at a combined cost of several billions of euros in Europe every year. In Germany alone, the total redispatching costs in 2018 almost reached 1 B€ [@bib14]. TSOs can minimize the call for redispatch and anticipate for future transmission capacity needs by investing in infrastructural upgrades for the grid. On a European level, TSOs can also make use of available cross-border capacity to alleviate congestions [@bib12].

3. Model {#sec3}
========

Existing research in the field of water electrolysis anticipates that PEM technology will be the industry standard for the year 2030 [@bib15]. In the present day, PEM systems are already available on a commercial level, yet their substantial capital costs constitute the main industry goal moving forward \[[@bib15], [@bib16]\]. In comparison to long-established alkaline systems, PEM is favored due to its higher power density, better cell efficiency, improved hydrogen purity and faster dynamic performance [@bib15]. With respect to solid oxide systems, research has showed that although this technology can achieve greater efficiency than PEM [@bib17], its dynamic response for load changes is significantly slower \[[@bib18], [@bib19]\], thus limiting the participation in ancillary services that require fast power variations.

The basic internal structure of PEM devices consists of porous electrodes separated by a solid electrolyte layer, a catalyst layer situated between the electrolyte and the electrodes, and an external electrical circuit connected across the electrodes. The electrolyte layer allows the transfer of only hydrogen ions (protons), while the electrons flow through the external circuit. This structure is shown in [Fig. 1](#fig1){ref-type="fig"} for both electrolyzers and fuel cells. In the case of electrolyzers, electrical energy is consumed to decompose water into hydrogen and oxygen molecules. In the case of fuel cells, hydrogen and oxygen molecules are split by the catalyst into atoms and then into ions, releasing electrical energy and forming water molecules. In-depth descriptions of the electrolyzer and fuel cell technology can be found in existing literature \[[@bib20], [@bib21]\].Fig. 1Schematics of PEM devices: electrolyzer (left) and fuel cell (right).Fig. 1

This section serves as an overview of the state of the art of PEM hydrogen technologies, namely electrolyzers and fuel cells. The discussed topics include the latest developments from different manufacturers and future expectations for the year 2030, the potential contribution of these technologies to power system flexibility, the adopted modelling approach for power system dynamic stability studies, and the adequacy to future ancillary services markets.

3.1. PEM electrolyzers {#sec3.1}
----------------------

The fundamental business principle behind power-to-gas resides in the exploitation of cheap electricity to produce hydrogen, when the entire process is more cost-effective than the direct purchase of hydrogen on the market [@bib22]. The rate at which hydrogen is produced is proportional to the input DC electrical power. Electrolyzers can generate around 15 kilograms of hydrogen per hour for each installed MW [@bib16], with overall plant efficiency ranging from 70-80% [@bib16], and a maximum lifetime of the electrolysis stack close to 80,000 hours of operation (up to 30 years for the rest of the equipment in the installation) [@bib23]. The maximum size of a single PEM electrolyzer currently sits at 3 MW [@bib24], but larger systems can be constructed by following a modular aggregation of individual units [@bib16]. With regard to the investment costs, the capital expenditure for this technology is currently priced on 1 M€/MW, while the additional yearly operational costs are less than 5% of the initial investment [@bib25]. During the next decade, the capital cost is anticipated to decrease by half due to technology improvements, larger sizes and economies of scale \[[@bib15], [@bib16]\]. All in all, the promising prospect of power-to-gas conversion has ignited the development of numerous small-scale electrolyzer demonstration projects around Europe and other parts of the world. Not only that, but few commercial projects on a larger scale have already been announced, like a 10 MW refinery in Germany [@bib26], and a 13 MW methanation plant in Austria [@bib27]. Others are still on the initial planning stages, as in the case of a potential 20 MW facility for hydrogen mobility in the Netherlands [@bib28].

From the point of view of the electrical network, the most interesting capability of PEM electrolyzers lies in the fast dynamics of the electrolysis process. Ramping up and down to change the consumption of electricity can be completed in less than 1 second [@bib29]. Shutting down can be done within seconds and coming back online can be achieved in a few minutes \[[@bib25], [@bib29]\]. Also, partial loading levels with respect to the rated capacity can be sustained during long periods of time [@bib29]. The cited technical characteristics open up several potential demand side response schemes to support the operation of electrical power systems. For instance, fleets of electrolyzers could be coordinated with large renewable energy sources to help mitigate the fluctuations of generated power \[[@bib29], [@bib30]\]. Besides, they could be commanded to quickly increase their consumption at times when there is surplus of renewable energy, as to minimize the curtailment of electricity.

For electrical studies, a complete representation of the PEM electrolyzer unit includes the modelling of the stack, the power conversion system (i.e. transformer and electronic converters) and the balance of plant (i.e. electrical consumption of the other equipment of the installation) [@bib31]. The electrolysis stack can be reduced to an equivalent circuit composed by the open circuit DC voltage of the stack, plus a resistor in series to represent the different internal electrical losses. The electrolyzer is coupled to the grid via an AC-DC rectifier, followed by a DC-DC converter that controls the input power by modulating the electrical current.

For power system analysis, the accuracy of the ramping dynamics of the electrolyzer is the most relevant aspect of the modelling process, as it will determine how the frequency response is influenced. As already mentioned, manufacturers guarantee that PEM electrolyzers can vary power consumption within 1 second \[[@bib16], [@bib23]\]. However, limited information is publicly published concerning the evolution of the power curve and the definition of more precise settling times. Due to this fact, the electrolyzer model was approximated as an equivalent dynamic load that emulates the performance of the few existing laboratory tests (i.e. settling time within 250 milliseconds) [@bib29].

Additional controllers are implemented to enable the procurement of ancillary services, which would add extra value to the power-to-gas business model by complementing the revenue earned from the sale of hydrogen or syngas [@bib22]. For FCR, the classic droop characteristic is adapted for demand side response technologies, so that electrolyzer consumption is lowered when the frequency drops and increased when the frequency rises. The inverse droop characteristic is implemented by simply changing the minus sign for a plus sign in the droop definition block from the control scheme of the PEM fuel cell, later depicted in [Fig. 2](#fig2){ref-type="fig"}. From a market standpoint, PEM electrolyzers show much quicker technical capabilities than the prequalification requirements of FCR. From the year 2021 onwards, the reduced resolution of the FCR product will give electrolyzers more operational flexibility to optimize their bidding strategy. Likewise, for aFRR, the quarter hour periods and the introduction of voluntary bidding will make the provision of upward regulation accessible for electrolyzers.Fig. 2Validation of the dynamic model of the PEM fuel cell stack: simulated current profile (up), voltage response from literature [@bib49] (bottom left) and voltage response from simulated model (bottom right).Fig. 2

For steady state voltage control, electrolyzers can provide support when operating at partial load, since the remainder capacity of the AC-DC converter that feeds the stack can be used to inject reactive power to the grid. Also, it is feasible to indirectly influence voltage by varying the active power consumption of the units. Finally, critical peak loads and congestions in transmission lines can be alleviated by curtailing the consumption of electricity, or even by completely interrupting operation. For each service, the variation of the active or reactive power setpoint is managed via an external signal, that simulates a direct request from the TSO.

3.2. PEM fuel cells {#sec3.2}
-------------------

The generation of electricity with fuel cells, which uses hydrogen as feedstock, has proved its feasibility for diverse sectors, such as stationary power applications (e.g. telecommunication services, backup power generators), transportation services (e.g. buses, cars, material handling vehicles) and portable power applications [@bib32]. PEM technology in particular, raises the most interest for electric vehicles, since it can provide fast time response and high power density [@bib17]. The combination of fuel cells with electrolyzers is also very promising, as it opens the possibility to create a cheap hydrogen supply that can be stored and later used by fuel cells to support the demand of the power grid.

So far, the maximum size for a PEM fuel cell plant is 2 MW [@bib33]. In similar fashion to electrolyzers, multiple units can be operated in parallel to achieve larger capacities. For instance, one of the largest facilities in the world is based on individual 2.8 MW molten carbonate fuel cells, amounting for a total of 59 MW [@bib34]. The reported PEM fuel cell efficiency is in the range of 40--60% according to most sources \[[@bib17], [@bib35], [@bib36]\], with an estimated annual capacity factor of 95% [@bib37], and a lifetime rounding the 40,000 hours [@bib37]. The capital cost of PEM fuel cells lies between 1.5 M€/MW to 3 M€/MW [@bib35], with an associated payback period of around 8 years [@bib37]. The high capital cost is due to the elevated price of platinum catalysts [@bib38], which on the other hand can be salvaged after the decommission of the cells. The annual operational cost is less than 1% of the initial investment [@bib35].

In general, fuel cell technology has demonstrated the ability to provide stable and independent electricity to individual consumers [@bib39], to the power grid and even to microgrids [@bib40]. However, very little research has been done to specifically address their potential to participate in electrical ancillary services. For future frequency balancing markets, PEM fuel cells share comparable ramping technical capabilities to electrolyzers, as it is also possible to complete active and reactive power setpoint changes within 1 second [@bib41]. For aFRR, fuel cells could take advantage of the cheap hydrogen supplied by electrolyzers to place voluntary bids for upward regulation during periods with high settlement prices. For voltage support, PEM fuel cells can be more effective than electrolyzers, as the presence of a DC-AC inverter allows complete control over the output power factor. Furthermore, fuel cells can provide additional benefits in the case of distributed generation, where multiple units can participate in local voltage support at different locations in the low voltage network or within a microgrid [@bib40]. Last, large fuel cell plants can contribute to the relief of transmission line congestions via bidirectional power redispatch.

In literature, several approaches have been adopted to develop the model and characterization of the steady state and dynamic behavior of fuel cells. For example, models based on electrochemical equations \[[@bib42], [@bib43], [@bib44], [@bib45]\], provide valuable insight into the reactions that occur within the stack, yet they are very complex and require the knowledge of technical parameters that are not publicly available. On the other hand, models based on mathematical approximations, semi-empirical or empirical data and model fitting \[[@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51]\], are usually simpler, but they represent specific commercial fuel cells, and therefore they may not be generalized to all existing units.

For this paper, an electrical depiction of a grid-connected PEM fuel cell was developed, which covers the dynamics of the stack, the power conditioning system (i.e. DC-AC inverter) and the balance of plant. The presented model is built upon previous research [@bib52], that estimates physical parameters through experimentation and empirical data collection from the 1.2 kW (26 V and 46 A) Nexa PEM fuel cell, a frequently studied unit in this field. An advantage of the Nexa model is the inclusion of an air compressor, a cooling fan and fully automated control of the hydrogen flow, air supply and stack temperature [@bib53], making it possible to incorporate the description of the balance of plant within the dynamic equations.

For the modelling of the PEM fuel cell, the following assumptions have also been considered. Supplied hydrogen and air behave as ideal and uniformly distributed gases injected at constant pressure to the gas flow channels of the fuel cell. The thermodynamic properties of the stack are evaluated at the average stack temperature, with constant stack specific heat capacity and for a constant ambient temperature of 25 °C. The parameters of individual fuel cells can be lumped together to represent a single stack, and several stacks can be aggregated to portray a fuel cell plant. Finally, the hydrogen storage capacity is sufficiently large to supply enough hydrogen to the fuel cell and to absorb the hydrogen produced by the electrolyzers.

The set of equations that govern the dynamic behavior of the stack are summarized in [Table 1](#tbl1){ref-type="table"}. The output voltage of the fuel cell after a current setpoint change (Eq. 1) [@bib54], is computed as the Nernst potential (Eq. 2) [@bib55], minus the electrical losses produced in the internal resistance of the cell (Eq. 3) and the electrochemical activation losses due to the Tafel slope (Eq. 4). These parameters are dependent on the temperature of the stack (Eq. 5), which is a function of the initial and steady state temperature values after the current modification, both of them determined through curve fitting of the utilized empirical data [@bib53]. This particular fuel cell does not operate in the range where concentration losses become significant and hence, they are not considered [@bib52]. It is also worth noting that the 47 factor in the computation of the Nernst potential accounts for the number of individual cells within the studied stack. The remaining parameters in the equations are also estimated using empirical data fitting \[[@bib52], [@bib53]\].Table 1Set of equations that define the dynamic behaviour of the modelled PEM fuel cell stack.Table 1N°EquationVariablesDefinitionValueUnit**(1)**$V_{FC} = V_{OC} - V_{R} - V_{A} = E_{0} - I \cdot R - A \cdot \ln\left( \frac{I}{I_{ex}} \right)$V~FC~Stack voltage\[V\]E~0~Nerst potential\[V\]IOutput current\[A\]RInternal resistance\[Ω\]ATafel slope\[V\]I~ex~Exchange current1⋅10^−6^\[A\]**(2)**$E_{0} = 47 \cdot \left\lbrack {1.482 - 0.000845 \cdot T + 0.0000431 \cdot T \cdot \ln\left( {p_{\text{H}_{2}} \cdot p_{\text{O}_{2}}^{0.5}} \right)} \right\rbrack$TStack temperature\[K\]p~H2~H~2~ pressure1.35\[atm\]p~O2~O~2~ pressure1.00\[atm\]**(3)**$R\left( T \right) = R_{0} \cdot \text{exp}\left( \frac{E_{a,R}}{R_{g} \cdot T_{K}} \right)$R~0~Pre-exponential factor0.1537\[Ω\]E~a,R~Activation energy1800\[J/mol\]R~g~Universal gas constant8.3143\[J/mol∙K\]**(4)**$A\left( T \right) = A_{0} \cdot \text{exp}\left( \frac{E_{a,A}}{R_{g} \cdot T_{K}} \right)$A~0~Pre-exponential factor0.1591\[V\]E~a,A~Activation energy5344\[J/mol\]**(5)**$T\left( t \right) = T_{2} + \left( {T_{1} - T_{2}} \right) \cdot \text{exp}\left( {- \frac{\text{H}_{\text{t}}}{mc_{p}} \cdot t} \right)$T~1~Initial temperature\[K\]T~2~Final temperature\[K\]H~t~Heat transfer coefficient15.07⋅I^0.2358^\[W/C°\]mc~p~Heat capacitance4304\[J/C°\]

The described equations show that the output voltage of the fuel cell changes almost instantaneously, although it presents an over- or undershoot that decays exponentially over time. Consequently, the output power varies very rapidly as well, but due to the delay in the thermodynamic response of the fuel cell, it does not reach the desired setpoint until minutes later. The developed stack model is validated against available experimental data from literature [@bib49], by measuring the stack voltage after a series of changes in the current drawn by the fuel cell. As observed in [Fig. 2](#fig2){ref-type="fig"}, the obtained dynamic response is almost identical to the one of the literature models, with the exception of the inferior voltage measured at low current levels. This issue, which might be caused by the simplification of the model equations, does not affect the reliability of the dynamic model for grid-connected applications, since the fuel cell does not operate outside of its standard power operating range (i.e. \< 20%).

Overall, the applied modelling structure allows the decoupling between the fuel cell dynamics on the DC side and the power injection on the AC side, thus enabling the model to be representative of a PEM fuel cell plant of any size. The general frame of the model is illustrated in [Fig. 3](#fig3){ref-type="fig"}. The output DC power of the fuel cell is fed into the power conditioning system, which is represented by a PQ controller that generates and forwards the required AC current setpoints to a static generator module. The block diagram of the PQ controller is described in detail in [Fig. 4](#fig4){ref-type="fig"}, and it consists of an outer power control loop that controls the active and reactive power, and a faster inner current control loop that controls the d-q axis currents. Each loop has signal filtration and is controlled with a proportional-integral (PI) controller. The static generator is used by the simulation software to represent any non-rotating generator technology connected to the grid via an electronic converter [@bib56].Fig. 3Dynamic model, control block diagram and droop characteristic of the modelled PEM fuel cell.Fig. 3Fig. 4Power control loops for the modelled PEM fuel cell.Fig. 4

The initial dynamic response provided by PEM fuel cells is more than sufficient for the procurement of ancillary services. The error between the initial and desired voltage and power values can be overcome by applying corrective control measures to maintain the output power at a constant level while taking into consideration the exponential decay. The control schemes to enable the participation in ancillary services follow almost the same structure as for the electrolyzer. For FCR, a classic droop characteristic is implemented in accordance to the technical requirements of FCR [@bib10]. For voltage control and congestion management, an external reactive or active power setpoint signal is used respectively.

4. Results & discussion {#sec4}
=======================

Previous research has pointed out that the integration of a large capacity of PEM electrolyzers in the grid can make a positive contribution to frequency containment [@bib30]. Fuel cells have also demonstrated potential to support frequency when installed in combination with wind turbines [@bib57]. This paper goes a step further, by focusing on how the combined operation of large-scale PEM electrolyzers and fuel cells would influence the frequency performance in different future scenarios.

Before moving on to the specific details, the research methodology used to create this case study is concisely summarized. After validating the electrical models developed for the hydrogen technologies, they are integrated into a realistic test network. A disturbance that affects the balance between generation and demand is induced in the system (e.g. disconnection of generating power) and the subsequent frequency response is measured. This procedure is repeated, varying different parameters such as the capacity of PEM electrolyzers and fuel cells dedicated to frequency control and the level of inertia present in the system. To conclude, the most relevant frequency performance indicators are analyzed to determine the impact of the provision of frequency ancillary services by PEM hydrogen technologies on the stability of the grid.

4.1. Description of the test network {#sec4.1}
------------------------------------

The proposed case study is set in the northern section of the Dutch transmission grid, an area considered to be a promising location for the installation of large-scale power-to-gas capacity in the future due to the abundance of wind parks and the potential for hydrogen storage in underground salt caverns [@bib58]. The modelled system covers the 380 kV and several key connections of the 220 kV high voltage network for the year 2030. The topology of the grid, the power flow conditions and the electricity demand were derived from the guidelines of the ten-year development plan of the Dutch TSO [@bib59].

The test network, depicted in [Fig. 5](#fig5){ref-type="fig"}, features a generation capacity composed by two 2250 MVA thermal power plants equipped with two generation units each, 600 MW offshore wind energy (Gemini wind park) and 3058 MW onshore wind energy distributed around the area and further aggregated into the corresponding 380 kV substations. Additional renewable energy is imported via the HVDC interconnectors with Norway (NorNed) and Denmark (COBRAcable), both operated at the rated power transfer capacity of 700 MW. The total installed capacity of PEM electrolyzers and fuel cells amounts to 300 MW and 50 MW respectively, and it is achieved by the aggregation of smaller units. Both facilities operate at a reference power setpoint that allows participation in the future FCR market via symmetrical bidding.Fig. 5Single line diagram of the modelled section of the Dutch electrical transmission grid.Fig. 5

The network was modelled in DIgSILENT PowerFactory, version 2018 SP1. The synchronous generators and the wind turbines were represented by generic models of each technology available in the software. Generic steam turbine-governors with droop control, exciter and power stabilizer were also implemented with the synchronous generators to enable dynamic control and the provision of ancillary services. For this particular study, it was assumed that the wind parks and the HVDC interconnectors did not participate in the regulation of the system. For such reason, the model of the HVDC links was simplified as a constant negative load. The connections to other parts of the network and the local demands were also modelled as constant loads. Due to confidentiality reasons, the parameters of the components of the grid model are not provided.

The FCR capacity available in the system is set to 50 MW (45% of the total in the Netherlands [@bib8]), while the synchronous generators provide a cumulative rotational inertia of 12 seconds. Both values constitute approximately 1.5% of the total with respect to the entire synchronous area of Continental Europe, and therefore, the proposed model can be considered as a reasonably accurate small-scale grid representation.

4.2. Simulation scenarios and results {#sec4.2}
-------------------------------------

The most representative scenarios studied are summarized in [Table 2](#tbl2){ref-type="table"}. The network is subjected to a sudden decrease in generation, originated by the disconnection of several wind turbines or by the loss of imported power from the HVDC links. For each of the four scenarios defined, several simulations were performed, varying the location of the disturbance and the distribution of the electrolyzers and fuel cells within the network. Nonetheless, the initial conditions before the event and the amount of generation lost are constant in every case to ensure a fair comparison between the results. The frequency indicators displayed in [Table 2](#tbl2){ref-type="table"} and the frequency responses plotted in [Fig. 6](#fig6){ref-type="fig"} belong to a disturbance occurring at the EEM bus and a location of the PEM hydrogen technologies at the EOS bus.Table 2List of scenarios, FCR bid sizes per technology and obtained values of the frequency indicators.Table 2N°ScenarioSystem inertia[∗](#tbl2fnlowast){ref-type="table-fn"}Sync. generatorsPEM electrolyzerPEM fuel cellNadir \[Hz\]RoCoF \[mHz/s\](1)Base case (2018)100%2 × 25 MW FCR bidNot installedNot installed49.85126.972(2)Base case with H~2~ (2018)100%No FCR support40 MW FCR bid10 MW FCR bid49.90226.376(3)Energy transition (2030)50%1 × 25 MW FCR bid20 MW FCR bid5 MW FCR bid49.87653.882(4)Low inertia with H~2~ (2050)25%No FCR support40 MW FCR bid10 MW FCR bid49.90299.600[^1]Fig. 6Frequency response for the described scenarios.Fig. 6

The first scenario is set as the base case, derived from the current grid conditions. Rotational inertia is very high, there is no presence of PEM electrolyzers or fuel cells and FCR support comes exclusively from the synchronous generators. The second scenario is a hypothetical variation of the base case in which the hydrogen technologies were already installed and providing FCR. By comparing these situations in [Fig. 6](#fig6){ref-type="fig"}, it is apparent how the fast dynamics of the PEM hydrogen technologies improve the frequency response. During the first seconds after the disturbance, the frequency drop in both simulations is almost equal, as the inertia of the system is identical. On the other hand, the action of PEM electrolyzers and fuel cells translates into a more linear response and improves considerably the maximum frequency deviation (i.e. frequency nadir). This is attributed to their ability to quickly change the operating setpoint, in contrast to the inherent oscillating behavior of synchronous generators.

The third scenario depicts the energy transition in the power system. Rotational inertia is decreased by half to represent the decrease in synchronous generation over time, the PEM hydrogen technologies are in place and they procure FCR in combination with the synchronous generators. From the results, it can be observed that the reduction of inertia translates into a steeper slope in the frequency response, technically known as rate of change of frequency (RoCoF). Nevertheless, the inclusion of PEM electrolyzers and fuel cells still improves the value of the frequency nadir with respect to the base case. In the final scenario, it is assumed that most of the thermal generation has been phased out, thus reducing the inertia to a low level. The PEM hydrogen technologies are the only suppliers of FCR. In this case, the frequency drop right after the disturbance is even steeper (around 4 times faster than the base case) because of the lack of dominant inertial behavior. Yet once again, the fast recovery by the PEM electrolyzers and fuel cells is able to limit the frequency nadir to a better value than in the base case.

Furthermore, while keeping the FCR bid size constant, the fast dynamics of PEM electrolyzers and fuel cells could be exploited to enhance the frequency response by increasing the delivered regulation capacity for the same frequency deviations. This can be achieved by modifying the maximum frequency deviation below the default value of ±0.20 Hz in the control system, which effectively increases the slope of the droop characteristic. The frequency responses for increasingly droop slope values in the low inertia scenario are shown in [Fig. 7](#fig7){ref-type="fig"}. As expected, a better steady state value and frequency nadir are accomplished with steeper slopes. Also, the time it takes to reach the nadir is lowered, which indirectly improves the RoCoF, albeit not significantly. However, small oscillations are induced in the system.Fig. 7Frequency response for different droop slopes in the low inertia with H~2~ scenario.Fig. 7

During the course of the simulations different disturbance locations were tested, but the aforesaid findings (cf. [Table 2](#tbl2){ref-type="table"} and [Fig. 6](#fig6){ref-type="fig"}) did not deviate significantly. Several distributed setups for the PEM hydrogen technologies were examined as well, but it was found that concentrated capacity performs slightly better for frequency regulation. It is worth noting that the used test network is a very strong grid. For weaker grids and more severe disturbances the impact of the distribution and location of the frequency reserve capacity gains importance. Locations of PEM electrolyzers and fuel cells close to critical buses in the network tend to produce an improved dynamic performance [@bib60].

To conclude, the presented case study exemplifies why the participation of PEM hydrogen technologies in the FCR market benefits the frequency stability of the future power system. The decommissioning of traditional power plants will decrease the level of rotational inertia in the grid, which has a negative impact on the robustness of the system against disturbances. Regardless, the introduction of large amounts of flexible and fast technologies (e.g. PEM electrolyzers, PEM fuel cells, battery storage) should be able to strengthen the frequency stability of the system, mainly by limiting the frequency deviations.

5. Conclusions {#sec5}
==============

This paper developed a generic electrical model for grid-connected PEM electrolyzers and fuel cells that is appropriate for power system stability studies and analyzed how these technologies can contribute to the operation of the power system through the procurement of ancillary services.

The comparison of the technical capabilities of PEM electrolyzers and fuel cells with respect to the requirements of future European ancillary services markets, indicated that partaking in frequency regulation, voltage control and congestion management is a feasible option, which can constitute a supplementary source of revenue for the business model of such hydrogen technologies. Concretely, the changes in the framework of balancing markets planned for the coming years are essential to facilitate the integration of PEM electrolyzers and fuel cells in both the FCR and aFRR market.

From the point of view of the electrical power system, the capability of PEM electrolyzers to rapidly change the power consumption and the fast power injection of PEM fuel cells emerges as a very attractive feature for frequency stability. The examined case study, based on realistic projections of the northern Netherlands grid for the year 2030, further highlights the value of PEM hydrogen technologies in the ongoing energy transition. It was observed that the reduction of rotational inertia inevitably causes a detrimental effect in the frequency response during the first seconds after a sudden mismatch between generation and demand. However, when PEM electrolyzers and fuel cells provide FCR support, the frequency deviations can be limited. As a result, better frequency nadir values are obtained than when using traditional synchronous generators, even in the case of minimum system inertia. Further, the ramping requirements of the frequency-power characteristic could be intensified to optimally exploit the capabilities of PEM hydrogen technologies for FCR.

Future research will explore potential methods to attenuate the large RoCoF values caused by the low inertia in the grid. Different control schemes for wind parks and HVDC links will be implemented and tested. Furthermore, in order to improve the overall frequency response, the interaction of such controllers with the presented PEM hydrogen technologies will be analyzed.
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[^1]: The value of the system inertia for the base case is 12 seconds.
